Introduction
============

Inteins are intervening sequences that are transcribed and translated with flanking host protein sequences (exteins) and then autocatalytically excised in a process called protein splicing (Saleh and Perler [@msv271-B73]). There is much intrigue associated with intein distribution, dissemination, and potential biological function. Inteins of several types occur in all three domains of life, in unicellular organisms. Mini-inteins are relatively short and carry only protein domains essential for self-splicing, whereas split inteins are mini-inteins separated into two parts, which associate and ligate their exteins in a protein *trans*-splicing reaction (Saleh and Perler [@msv271-B73]). In contrast, bifunctional inteins have a homing endonuclease (HEN) domain interrupting the protein splicing domain. The HEN renders an intein mobile by introducing a double-strand break into an intein-less allele (Liu [@msv271-B54]), in a homing process that is similar to that of mobile group I introns (Jacquier and Dujon [@msv271-B43]; Belfort and Roberts [@msv271-B7]). Variations on this homing reaction are thought to be responsible for the horizontal transfer of introns and inteins (Parker et al. [@msv271-B65]; Koufopanou et al. [@msv271-B48]).

Inteins, originally discovered in the *VMA1* gene encoding a vacuolar membrane H^+^-ATPase of the yeast *Saccharomyces cerevisiae* (Hirata et al. [@msv271-B41]; Kane et al. [@msv271-B45]), are found in a wide range of bacterial and archaeal species, as well as in eukaryotes, viruses, and bacteriophage (Perler et al. [@msv271-B69]; Perler [@msv271-B68]; Pedulla et al. [@msv271-B67]; Poulter et al. [@msv271-B72]; Swithers et al. [@msv271-B79]; Novikova et al. [@msv271-B62]). Many intein sequences from bacteria and archaea reside within proteins involved in DNA replication, recombination, repair, or transcription, such as DNA and RNA polymerases, helicases and topoisomerases (for review, Novikova et al. [@msv271-B62]). In nuclear genomes of eukaryotes, inteins occur primarily in vacuolar membrane H^+^-ATPases and the PRP8 protein, important for intron splicing (Butler et al. [@msv271-B13]; Poulter et al. [@msv271-B72]; Swithers et al. [@msv271-B79]). Inteins have also been detected in chloroplast genomes of green and cryptophyte algae where they occupy various genes, including those encoding a replicative helicase, the ClpP protease, and RNA polymerases (Wang and Liu [@msv271-B89]; Douglas and Penny [@msv271-B21]; Luo and Hall [@msv271-B57]; Turmel et al. [@msv271-B87]). In viruses and bacteriophages, terminases involved in DNA packaging are a common target for intein insertions (Pedulla et al. [@msv271-B67]; Dassa et al. [@msv271-B20]).

Little is known about intein origin, diversity, evolution or their potential roles in native host cells. Early on, it was noted that many inteins are found primarily in highly conserved domains of essential house-keeping proteins. It was hypothesized that removal of the intein sequence from a conserved domain is difficult as an imprecise deletion would lead to a protein inactivation. As a result, inteins are maintained in these conserved domains (Pietrokovski [@msv271-B70]; Gogarten et al. [@msv271-B33]; Swithers et al. [@msv271-B78]). The observed distribution of inteins is also directly linked to the presence of the HEN. One of the evolutionary models proposes that HEN-containing inteins undergo a "homing cycle" where the inteins spread in the population without intrinsic benefit to the host organism (Gimble and Thorner [@msv271-B31]; Burt and Koufopanou [@msv271-B12]). However, precise intein loss to provide vacant homing targets could be difficult to achieve in the face of HEN-based reinvasion (Barzel, Naor, et al. [@msv271-B5]). In an attempt to resolve this conundrum, it was suggested that inteins can be lost if they impose a fitness cost on their hosts (Butler et al. [@msv271-B13]). Modeling has revealed that population structure can ensure long-term persistence of the inteins without requiring a homing cycle. The long-term coexistence of intein-containing and intein-free alleles was shown to be achievable in completely mixed homogeneous populations (Gogarten and Hilario [@msv271-B32]; Yahara et al. [@msv271-B92]; Barzel, Obolski, et al. [@msv271-B6]). Finally, recent data indicate that inteins can be sensitive to the environment and play regulatory roles at the posttranslational level and thereby could confer selective advantage (Callahan et al. [@msv271-B16]; Topilina, Green, et al. [@msv271-B84]; Topilina, Novikova, et al. [@msv271-B86]). Nevertheless, to fully understand the evolutionary trends that shape intein distribution and diversity, comprehensive sampling and analysis of intein sequences from many species is necessary.

In the present study, we perform an in-depth analysis of thousands of sequenced bacterial, archaeal, and eukaryal species for the presence of inteins. The identified intein-containing proteins are classified and annotated. The distribution of inteins appears to be strongly biased toward proteins involved in DNA replication and repair, as well as nucleotide metabolism and transport. Moreover, the enriched gene ontology (GO) terms among intein-containing genes indicate that diverse ATPases are preferable sites of intein occupancy, even in nonorthologous proteins of equivalent function across the separate archaeal and bacterial domains. The evolutionary and functional implications of this strongly biased intein distribution are examined.

Results
=======

Sporadic Distribution of Inteins in All Three Domains of Life
-------------------------------------------------------------

The growing number of fully sequenced and annotated genomes allows comprehensive computational mining of inteins in diverse species across kingdoms. Such screening provides insight into the overall picture of intein distribution and the evolutionary dynamics of inteins (Novikova et al. [@msv271-B62]). We performed primary intein mining from protein databases available at the National Center for Biotechnology Information (NCBI) (Tatusova et al. [@msv271-B83]), followed by verification of the intein sequence by the presence of the conserved splicing domains. A comparative analysis was then conducted (supplementary fig. S1, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online).

In total, 2,729 bacterial, 345 archaeal, and 6,648 eukaryotic genomes were screened for the presence of the inteins. Of these, 654 bacterial and 162 archaeal species contain inteins; many not previously reported ([fig. 1](#msv271-F1){ref-type="fig"}A and supplementary tables S1 and S2, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Among the 71 inteins found in eukarya, all had been previously described (supplementary table S3, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Wang and Liu [@msv271-B89]; Butler et al. [@msv271-B13]; Poulter et al. [@msv271-B72]; Turmel, et al. [@msv271-B87]; Swithers, et al. [@msv271-B79]; Novikova et al. [@msv271-B62]). Of bacterial and archaeal species, 24% and 47%, respectively, contain inteins, with many of these harboring more than one, whereas only 1.1% of eukarya contain inteins with only one per genome ([fig. 1](#msv271-F1){ref-type="fig"}A). Here, we focus primarily on inteins from bacteria and archaea. F[ig]{.smallcaps}. 1.Distribution of intein-containing proteins is sporadic. (*A*) Summary of intein mining. Total number of genomes analyzed, number and fraction of genomes with inteins, and total number of inteins found are indicated. In the present study, the species and a reference genome for all the strains of a species were defined following NCBI RefSeq microbial genome collection procedure (Tatusova et al. [@msv271-B83]). (*B*) Schematic evolutionary tree for some bacterial and archaeal clades, and list of eukaryal clades. The three domains of life are indicated on the left. Results are from intein mining of genomic sequences. Horizontal bars represent the number of genomes either with (red, blue, or green) or without (black) inteins. The pie charts next to the taxon names indicate the fraction of genomes with inteins for groups with large numbers of species. The bacterial and archaeal evolutionary tree reproduced after "The All-Species Living Tree" Project with modifications (Yarza et al. [@msv271-B93]). Not all intein-containing bacterial clades are shown. The full list of species and their taxonomy is available in [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) (bacteria) and table S2 (archaea), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online.

Our screens revealed that the distribution of inteins is sporadic among closely related species and even strains of the same species (Topilina, Novikova, et al. [@msv271-B86]), suggesting a high flux of inteins in the analyzed genomes (Novikova et al. [@msv271-B62]). The sporadic distribution of the inteins was previously reported for the Halobacteria, a class of halophilic Euryarchaeota (Soucy et al. [@msv271-B76]). The bacterial phylogenetic tree shows clusters of bacterial groups with many inteins ([fig. 1](#msv271-F1){ref-type="fig"}B). Specifically, Cyanobacteria (81.8% genomes with inteins), Firmicutes and Tenericutes (19.3%), Actinobacteria (48.2%), Proteobacteria (12.7%), and Bacteriodetes (15.0%) all have inteins. Archaeal genomes are replete with inteins, with 68.1% of Euryarchaeota containing at least one intein in the genome.

The number of intein-containing proteins and the number of inteins vary greatly among analyzed genomes and also among investigated phyla ([figs 1 and 2](#msv271-F1 msv271-F2){ref-type="fig"}; supplementary tables S1 and S2, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). However, no correlation between genome size and number of protein-coding sequences with inteins or frequency of inteins was observed ([fig. 2](#msv271-F2){ref-type="fig"} and supplementary fig. S2 and table S4, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). For Proteobacteria, Actinobacteria and Cyanobacteria, the correlation coefficients (*r* values) are 0.05, 0.31 and 0.15, respectively ([fig. 2](#msv271-F2){ref-type="fig"}A), whereas for Euryarchaeota the *r* value is −0.26 ([fig. 2](#msv271-F2){ref-type="fig"}B). Also, no correlation was found between gene locations in genomic sequences and the presence of inteins. The intein-containing genes seem not to be associated with prominent chromosomal landmarks, such as the origin of replication and replication termini (data not shown). F[ig]{.smallcaps}. 2.Distribution of inteins does not correlate with genome size. (*A*) Distribution of the genome sizes and number of inteins in three bacterial clades. The clades are Proteobacteria (1016 species), Actinobacteria (527 species), and Cyanobacteria (130 species). (*B*) Distribution of the genome sizes and number of inteins in Euryarchaeota (190 species). For (*A*) and (*B*), vertical axis of plots represents distribution of the genome sizes (gray) and number of inteins (red and blue) in corresponding species on the horizontal axis. A representative species, genome size, and number of inteins are indicated for each group. No strong correlation between genome size and number of inteins was found, as indicated by correlation coefficient (*r*) for each group. Distribution of the coding sequences and frequencies of inteins (number of inteins per 1,000 coding sequences) is available in [supplementary figure S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. Correlation coefficients are provided in [supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online.

Functional Genomics of Intein-Containing Proteins Reveals a Dramatic Bias
-------------------------------------------------------------------------

Inteins were found in many different proteins performing diverse functions in the cell ([tables 1--3](#msv271-T1 msv271-T2 msv271-T3){ref-type="table"} and supplementary tables S5--S7, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). There is no unified classification scheme to describe the distribution and diversity of inteins, except for the common practice of distinguishing inteins based on their extein identity and insertion point (Perler et al. [@msv271-B69]). Here, we use the Clusters of Orthologous Groups of proteins (COGs) to classify the proteins with intein insertions based on their function (Tatusov et al. [@msv271-B81]; Galperin et al. [@msv271-B30]). The COGs are divided into functional categories based on the biological processes in which COGs are involved (Tatusov et al. [@msv271-B81]; Galperin et al. [@msv271-B30]). Table 1.Top 15 Intein-Containing Proteins in Bacteria.ProteinNumber of InteinsCOG (category)Description: Full NameDistributionDnaB317COG0305 (L)Replicative DNA helicase (P-loop NTPase)Actinobacteria, Aquificae, Bacteroidetes, Chloroflexi, Cyanobacteria, Deinococcus--Thermus, Firmicutes, Gemmatimonadetes, Ignavibacteriae, ProteobacteriaRNR211COG0209 (F)Ribonucleotide reductaseAcidobacteria, Actinobacteria, Aquificae, Armatimonadetes, Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Deinococcus--Thermus, Firmicutes, Fusobacteria, Nitrospirae, Proteobacteria, Spirochetes, Synergistetes, ThermodesulfobacteriaPolIIIα116COG0587 (L)DNA polymerase III alpha subunitAcidobacteria, Actinobacteria, Aquificae, Bacteroidetes, Cyanobacteria, Deinococcus--Thermus, Firmicutes, Proteobacteria, PlanctomycetesRecA56COG0468 (L)Recombination protein (P-loop NTPase)Actinobacteria, Cyanobacteria, ProteobacteriaGyrA50COG0118 (L)DNA gyrase, subunit AActinobacteria, Aquificae, Chloroflexi, ProteobacteriaSplB48COG1533 (L)DNA repair photolyase or spore photoproduct lyaseActinobacteriaGyrB33COG0187 (L)DNA gyrase, subunit BActinobacteria, Chloroflexi, Cyanobacteria, ProteobacteriaRtcB27COG1690 (J)tRNA-splicing ligaseActinobacteria, Aquificae, Bacteroidetes, Cyanobacteria, Deinococcus--ThermusTSase21COG1351 (F)Thymidylate synthaseActinobacteria, CyanobacteriaPhoH21COG1702 (T)Phosphate starvation-inducible protein (P-loop NTPase)Actinobacteria, Deinococcus--ThermusUvrD16COG0210 (L)DNA-dependent ATPase I and helicase II (P-loop NTPase)Acidobacteria, Actinobacteria, Deinococcus--Thermus, Firmicutes, ProteobacteriaPolIIIγ15COG2812 (L)DNA polymerase III tau and gamma subunits (P-loop NTPase)CyanobacteriaHepA15COG0553 (KL)SNF2 superfamily II DNA/RNA helicaseActinobacteria, Bacteroidetes, Cyanobacteria, Deinococcus--Thermus, VerrucomicrobiaDnaG14COG0358 (L)DNA primaseActinobacteria, ProteobacteriaRecG12COG1200 (L)ATP-dependent DNA helicase (P-loop NTPase)Actinobacteria Table 2.Top 15 Intein-Containing Proteins in Archaea.ProteinNumber of InteinsCOG (category)Description: Full NameDistributionMCM116COG0417 (L)Replicative DNA helicase (P-loop NTPase)Crenarcheota, Euryarchaeota, Other ArchaeaPolC/DP280COG1933 (L)DNA polymerase II large subunitEuryarchaeota, Other ArchaeaPolB67COG0417 (L)DNA polymerase II small subunitEuryarchaeota, Other ArchaeaRNR43COG0209 (F)Ribonucleotide reductaseCrenarcheota, Euryarchaeota, Other ArchaeaRFC-S36COG0470 (L)Replication factor C small subunit (P-loop NTPase)Euryarchaeota, Other ArchaeaTop6B15COG1389 (L)Type II DNA topoisomerase VI subunit BEuryarchaeota, Other ArchaeaaIF215COG0532 (J)Translation initiation factor IF-2 subunit gamma (P-loop NTPase)Euryarchaeota, Other ArchaeaRNA Pol14COG0086 (K)DNA-directed RNA polymeraseEuryarchaeotaV-ATPase subunit A12COG1155 (C)V-type ATP synthase subunit A (P-loop NTPase)Euryarchaeota, Other ArchaeaTopA11COG0550 (L)archaeal DNA type IA topoisomeraseEuryarchaeotaSki211COG1204 (L)Ski2-like DEAD/DEAH box RNA helicases, superfamily II helicase (P-loop NTPase)EuryarchaeotaRtcB10COG1690 (J)tRNA-splicing ligaseCrenarcheota, Euryarchaeota, Other ArchaeaUDP-GlcDH10COG1004 (M)UDP-glucose/GDP-mannose_dehydrogenaseEuryarchaeotaLonB10COG1067 (O)ATP-dependent protease LA (P-loop NTPase)EuryarchaeotaRadA9COG0468 (L)Recombination protein (P-loop NTPase)Crenarcheota, Euryarchaeota Table 3.Intein-Containing Proteins from Bacterial and Archaeal Mobilome and Secretion Systems.ProteinNumber of InteinsCOG (category)Description: Full NameDistributionBacteria    Terminase_622COG5362 (X)Prophage: phage terminase, large subunit, family Terminase_6 (PF03237)Firmicutes, Fusobacteria, Proteobacteria    Gp614COG2369 (X)Prophage: phage portal protein, SPP1 Gp6-like protein, phage Mu F gp6Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria    XtmB5COG1783 (X)Prophage: PBSX defective prophage terminase, large subunitBacteroidetes, Firmicutes, Synergistetes    VirB45COG3451 (U)T4SS: component of the type IV secretion system virB/virD4Firmicutes, ProteobacteriaArchaea    VirB1121COG0630 (NU)T2SS: P-type DNA transfer ATPase VirB11, component of the type IV secretion system virB/virD4 (P-loop NTPase)Crenarcheota, Euryarchaeota, Other Archaea    CpaF5COG4962 (U)T2SS: Flp pilus assembly protein ATPase (P-loop NTPase)Euryarchaeota

The classification of the intein-containing proteins using COGs indicates a strong bias toward proteins from functional category L (61.5% in bacteria and 66.9% in archaea), which comprise DNA replication, recombination and repair proteins, and category F (21.7% in bacteria and 8.3% in archaea), which includes proteins involved in nucleotide metabolism and transport ([fig. 3](#msv271-F3){ref-type="fig"}A, top). Other COG functional categories are considerably less represented among the intein-containing proteins. Remarkably, this pattern holds in both bacteria and archaea despite their divergence ([fig. 3](#msv271-F3){ref-type="fig"}A, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}). At the same time, categories L and F are represented by less than 3% of sequences in randomized data sets, which were prepared by randomly sampling sequences from the pools of all predicted protein sequences in all intein-containing genomes ([fig. 3a](#msv271-F3){ref-type="fig"}, bottom). F[ig]{.smallcaps}. 3.Functional genomics of intein-containing proteins. (*A*) Dominant functional categories of proteins with inteins based on Clusters of Orthologous Groups (COGs). COG annotation is for bacteria (red bars) and archaea (blue bars). The frequency of proteins with inteins/COGs is shown above and the frequency of proteins/COGs for each functional category within randomized data sets of proteins from bacteria and archaea is shown below. Frequency of intein-containing proteins in the top functional categories is indicated next to arrows. Functional category L (replication, recombination and repair) and F (nucleotide transport and metabolism) are dominant among intein-containing proteins in both bacteria and archaea. Functional categories are designated based on conventional classification (Tatusov et al. [@msv271-B82]; Tatusov et al. [@msv271-B81]; Galperin et al. [@msv271-B30]) and are as follows: J, translation, ribosomal structure and biogenesis; K, transcription; D, cell cycle control, cell division, chromosome partitioning; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, post-translational modification, protein turnover, chaperones; P, Inorganic ion transport and metabolism; T, signal transduction mechanisms; C, energy production and conversion; E, amino acid transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; Q, secondary metabolites biosynthesis, transport and catabolism; R, general function prediction only; S, function unknown; U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; W, extracellular structures; X, mobilome: prophage, transposons. (*B*) GO enrichment analysis for bacterial and archaeal intein-containing proteins. GO enrichment of 1,047 bacterial (red) and 502 archaeal (blue) intein-containing proteins was performed using WEGO (Ye et al. [@msv271-B94]). Enriched GO terms in binding and molecular function are shown. DNA and ATP binding as well as ATPase activities are the dominant GO terms among the intein-containing proteins from both bacteria and archaea. The percentage of the associated proteins is indicated on the top for dominant categories. CoF, cofactor; Me, metal clusters; Pr, protein; Ox/Red, oxidoreductase; Trans, transferase; Iso, isomerase; Lig, ligase; DA, deaminase.

We utilized the GO annotations, complementary to COGs, to emphasize the larger biological role or process with which inteins are associated (Harris et al. [@msv271-B39]). The GO enrichment analysis is widely used to identify biological processes and has played an important role in the functional analysis of the large data sets derived from high-throughput studies. Using GO enrichment analysis, we were able to obtain valuable insight into the collective biological function underlying the set of intein-containing proteins identified in bacteria and archaea. Interestingly, but not surprisingly, this analysis showed that the majority of intein-containing proteins are characterized as DNA binding proteins with ATP-hydrolyzing activity ([fig. 3](#msv271-F3){ref-type="fig"}B). More than 80% of intein-containing proteins from both bacteria (89.4%) and archaea (82.5%) bind DNA (GO:0003677). ATP binding (GO:0005524) is a feature of 76.7% of bacterial and 69.1% of archaeal proteins with inteins.

Functionally Equivalent but Unrelated Proteins of the Replisome Carry Inteins in Bacteria and Achaea
----------------------------------------------------------------------------------------------------

Strikingly, there is not only consistency in the distribution of intein-containing protein COGs among functional categories and GO enrichment between bacteria and archaea but also considerable overlap in actual protein functions, despite the divergent nature of bacteria and archaea, which contain many nonorthologous proteins ([fig. 4](#msv271-F4){ref-type="fig"}). Both COG and GO identify many intein-containing proteins as members of cellular processes including DNA replication, recombination, and repair as well as nucleotide metabolism. The replisome itself is an example of the tight network of intein-containing proteins in both bacteria and archaea ([fig. 4](#msv271-F4){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}). F[ig]{.smallcaps}. 4.Intein-containing proteins are often members of the same complexes and networks. (*A*) Top 15 bacterial intein-containing proteins, their interactions, and intein distribution. Proteins of the DNA replication fork are boxed at the center of the network. Network was reconstructed using STRING database of known and predicted protein interactions (<http://string-db.org/>; Szklarczyk et al. [@msv271-B80]). The list of the proteins, their full names, and description is available in [table 1](#msv271-T1){ref-type="table"}. Critical proteins with no inteins are shown in gray as follows: PolIIIβ, DNA polymerase III beta subunit; RimO, 2-methylthioadenine synthetase. The heatmap reflects distribution of the inteins among listed proteins (top) of four bacterial clades (side): Actinobacteria (Actino), Bacteroidetes (Bacter), Cyano (Cyanobacteria), and Proteobacteria (Proteo). For full network and list of the proteins, see [supplementary figure S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) and table S5, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. (*B*) Top 15 archaeal intein-containing proteins, their interactions, and intein distribution. Proteins of the DNA replication fork are boxed at the center of the network. Network was reconstructed as in panel (*A*) and the proteins listed in [table 2](#msv271-T2){ref-type="table"}. Critical proteins with no inteins are shown in gray as follows: PCNA, proliferating cell nuclear antigen or DNA clamp; Pri, primase. The heatmap is displayed as in (*A*) with three groups indicated on the side: Euryarchaeota (Eury), Crenarchaeota (Cren), and other archaea (Other). For full network and list of the proteins, see [supplementary figure S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) and table S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online.

Although bacteria and archaea typically share such characteristic as chromosome organization, transcription regulation and cotranscriptional translation, many traits of chromosome replication, genome segregation and cell division processes in archaea resemble those in eukaryotes. DNA polymerase sliding clamp subunits, PolIIIβ (DNA polymerase III subunit beta) in bacteria and PCNA in archaea, DNA ligases, flap nucleases, clamp loader ATPases, and topoisomerases I of bacterial and archaeal replisomes display considerable conservation (Leipe et al. [@msv271-B52]). Other protein components are either only distantly related or completely nonorthologous. Nevertheless, the replisome in both bacteria and archaea is highly enriched for inteins ([fig. 4](#msv271-F4){ref-type="fig"}). Intein-containing replicative helicases, replicative DNA-dependent DNA polymerases, clamp loaders, recombinases and topoisomerases involved in replication, recombination and repair were found to contain inteins in both bacteria and archaea, indicating that particular functional categories are enriched for intein-containing proteins ([fig. 4](#msv271-F4){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}, supplementary tables S1, S2, S5, and S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Remarkably the top 15 intein-containing proteins in archaea and bacteria are in a single network, containing most replisome proteins.

Replicative helicases DnaB and minichromosome maintenance protein (MCM) are at the top of our lists for intein-containing proteins from bacteria and archaea, with 317 inteins identified in DnaB and 116 inteins found in MCM. Performing equivalent functions, these proteins are only distantly related and structurally distinct ([fig. 5](#msv271-F5){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}, supplementary tables S1, S2, S5, and S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Additionally, diverse topoisomerases, which are involved in cellular DNA topology management and aid helicases in DNA replication and repair, were found to contain inteins. These include bacterial topoisomerase-primase DnaG, bacterial DNA gyrase subunit A (GyrA) and subunit B (GyrB), archaeal topoisomerases such as GyrB (Soucy et al. [@msv271-B76]), TopA and Top6B ([fig. 4](#msv271-F4){ref-type="fig"}), and a hyperthermophile-specific reverse gyrase (supplementary table S5, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Forterre and Gadelle [@msv271-B27]). F[ig]{.smallcaps}. 5.Replicative helicases DnaB and MCM are the most common intein-containing proteins. (*A*) Distribution of inteins in DnaB and MCM. Phylogenetic trees for bacterial replicative helicase DnaB and archaeal helicase MCM were reconstructed based on the extein amino acid sequences (ATPase domain) using the ML algorithm with the WAG (Whelan and Goldman)+G+I models; 50 representatives covering major bacterial and archaeal diversity were chosen among both DnaB and MCM proteins for tree reconstructions. Statistical support for the tree was evaluated by the nonparametric version of approximate likelihood-ratio test (SH-aLRT); however, only values for critical nodes, which were higher than 85%, are shown. The intein insertion point(s) **a**--**e** and abbreviated species names are shown next to branches. Letters for insertion points in DnaB and MCM do not correspond to each other (see B). The trees with full-length species names are available in supplementary figures S5 and S7, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online; the trees reconstructed based on the extended data sets including intein-containing and intein-less proteins are available in supplementary figures S6 and S8, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. Although DnaB and MCM are functionally equivalent counterparts in bacteria and archaea, these proteins are only distantly related. Bacterial clades as follows: Cyano, Cyanobacteria; Chlorofl, Chloroflexi; Firmi, Firmicutes; Deino, Deionococcus--Thermus; Aquif, Aquificae; Bacter, Bacteroidetes; Ignavi, Ignavibacteriae; Gemmati, Gemmatimonadetes; Proteo, Proteobacteria; Actino, Actinobacteria. Archaeal clades as follows: Halo, Halobacteria; Methm, Methanomicrobia; Aglob, Archaeolglobi; Methb, Methanobacteria; Thermo, Thermococci; Cren, Crenarchaeota. (*B*) Intein insertion points. Intein locations are shown along DnaB and MCM relative to structural and functional domains. The ATPase domain has multiple intein insertion points in both DnaB and MCM. The important conserved structural motifs within the ATPase domain are shown on the bottom for each protein. The insertion point **b** in DnaB (red) and insertion point **a** in MCM (blue) are in functionally equivalent motifs which correspond to P-loops in ATPase. Three other structurally and functionally important motifs are shown for DnaB (H2--H4). Other motifs shown for MCM are: WB, Walker B motif; H2I, β--α--β insert; PS1BH, presensor 1 β-hairpin. MCM protein also carries a nucleic acid-binding domain at the N-terminus (NA-binding domain). (*C*) Structure models of ATPase domain of DnaB and MCM. Phyre2 models of the ATPase domain are shown (*Dte* DnaB residues 176--456; *Nmo* MCM residues 260--696). *Dte* DnaB (red) has inteins at insertion point **a** and **b**, with the T + 1 residues at the intein insertion sites highlighted as gray spheres.

Another large group of intein-containing proteins is DNA/RNA helicases many of which are involved in DNA repair. Among bacterial intein-containing ATP-dependent DNA helicases are UvrD, a helicase involved in nucleotide excision repair, RecG, a helicase that catalyzes branch migration and resolves Holliday junction intermediates ([fig. 4](#msv271-F4){ref-type="fig"}A, [table 1](#msv271-T1){ref-type="table"}), and the UvrD-like helicase RecD, a member of the RecBCD complex which is essential for the repair of double-strand breaks in *Escherichia coli* and many other bacteria (supplementary table S5, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Morita et al. [@msv271-B59]; Lenhart et al. [@msv271-B53]). In archaea, the Ski2-like DNA helicase, thought to be involved in DNA repair and recombination, was found to carry inteins in some species ([fig. 4](#msv271-F4){ref-type="fig"}B, [table 2](#msv271-T2){ref-type="table"}, and supplementary table S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Buttner et al. [@msv271-B14]). Other replication and repair proteins containing inteins include bacterial DNA repair photolyase SplB, primary repair DNA polymerase I that also has a role in replication, and error-prone repair DNA polymerase II. In archaea, DNA ligase and chromosome condensation and segregation the structural maintenance of chromosomes ATPase all contain inteins ([fig. 4](#msv271-F4){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}, supplementary tables S5 and S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Long and Faguy [@msv271-B55]).

Inteins are common in ribonucleotide reductases (RNR) in both bacteria and archaea, with 211 and 43 identified inteins, respectively ([fig. 4](#msv271-F4){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}, supplementary tables S1, S2, S5, and S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Although RNR is not a part of the replisome, RNR plays a crucial role in determining the rate of DNA synthesis following replication initiation, by catalyzing the rate-limiting step in dNTP production (Herrick and Sclavi [@msv271-B40]). Another relatively large group of inteins was found in the archaeal ATP synthase (Swithers et al. [@msv271-B79]).

Inteins in Replicative Helicases DnaB and MCM
---------------------------------------------

For an in-depth analysis of intein clustering, we first examined intein distribution in replicative helicases, the most common protein sinks for inteins among both bacteria and archaea. DnaB and MCM are ring-shaped hexameric enzymes that move along one strand of a DNA duplex and catalyze the displacement of the complementary strand in a reaction that is coupled to ATP hydrolysis. Although DnaB and MCM (and some other helicases) share the NTPase fold, they are only distantly related to each other and belong to different divisions of the P-loop ATPases (Gorbalenya and Koonin [@msv271-B34]). DnaB belongs to a family which is related to the RecA-like ATPases (Leipe et al. [@msv271-B51]), whereas the MCM proteins are members of the AAA+ superfamily of ATPases (Neuwald et al. [@msv271-B61]).

DnaB helicase is a member of superfamily SF4 that also includes G40P helicase of *Bacillus subtilis* SSP1 bacteriophage and T7 gp4 helicase-primase of *E. coli* T7 bacteriophage (Ilyina et al. [@msv271-B42]; Sawaya et al. [@msv271-B74]; Patel and Picha [@msv271-B66]). All members from this superfamily possess 5′ → 3′ helicase activity (Patel and Picha [@msv271-B66]). We found intein-containing DnaB among bacteria from ten clades. Inteins are widely distributed in DnaB proteins from Actinobacteria (202 inteins) and Cyanobacteria (60 inteins). Only a few species were found to have DnaB inteins among representatives from the other clades ([fig. 5](#msv271-F5){ref-type="fig"}A, [table 1](#msv271-T1){ref-type="table"}, and supplementary tables S1 and S5, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Three distinct insertion sites were identified in DnaB helicase, which were designated **a**--**c** based on the conventional intein insertion site classification scheme (Perler et al. [@msv271-B69]; Perler [@msv271-B68]). All three insertion points are located in the ATPase domain in highly conserved motifs ([fig. 5](#msv271-F5){ref-type="fig"}B and C). Sites **a** and **c** are at the C-terminal end of the domain only two amino acid residues apart. These sites are in motif H4, which is responsible for DNA binding (Ilyina et al. [@msv271-B42]; Sawaya et al. [@msv271-B74]). Insertion point **b** is in the ATP-binding P-loop ([fig. 5](#msv271-F5){ref-type="fig"}B and C). A structure model of DnaB exteins from actinobacteria *Demetria terragena* highlights the spatial proximity of insertion sites **b** and **a** ([fig. 5](#msv271-F5){ref-type="fig"}C). There is a number of DnaB helicases from Actinobacteria and Cyanobacteria that carry **b** and **a** insertions simultaneously.

In contrast to DnaB, MCM belongs to superfamily SF6, and has opposing 3′ → 5′ helicase activity (Chong et al. [@msv271-B18]; Patel and Picha [@msv271-B66]). MCM proteins are conserved not only throughout archaea but also in eukaryotes, and are essential for DNA replication initiation and progression (Grainge et al. [@msv271-B35]; Pacek and Walter [@msv271-B64]). Numerous intein insertions were found among Halobacteria (76 inteins) and Thermococci (19 inteins), with a few inteins in other clades ([fig. 5](#msv271-F5){ref-type="fig"}A, [table 2](#msv271-T2){ref-type="table"}, and supplementary tables S2 and S6, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). All identified MCM inteins were located in highly conserved motifs of the ATPase domain (sites **a**--**e**; [fig. 5](#msv271-F5){ref-type="fig"}B and C). The insertion point **a** is in the P-loop at the analogous site as insertion point **b** of the DnaB inteins ([fig. 5](#msv271-F5){ref-type="fig"}B and C). Insertion point **b** of the MCM inteins is between the P-loop and Walker B motif of the ATPase domain in close proximity to the MCM-specific β-α-β insert (H2I), which is believed to be essential for coupling ATP hydrolysis and DNA unwinding activity (Jenkinson and Chong [@msv271-B44]). Insertion points **e** and **d** are around the Walker B motif; and point **c** is found right before the presensor 1 β-hairpin (PS1BH), which is required for DNA duplex unwinding (Brewster et al. [@msv271-B10]). Both H2I and PS1BH are structurally and functionally critical elements of MCM helicases (Jenkinson and Chong [@msv271-B44]; Brewster et al. [@msv271-B10]). The structure model for MCM exteins from the haloarchaeon *Natronomonas moolapensis* shows the intein insertion sites (**a**, **c**, and **d**) clustered near catalytic amino acid residues ([fig. 5](#msv271-F5){ref-type="fig"}C).

Inteins in Clamp Loaders and Replicative Polymerases
----------------------------------------------------

We performed a similar analysis for clamp loader subunits belonging to the subset of accessory replicative proteins which are orthologous in all extant organisms (Leipe et al. [@msv271-B51]). Inteins were found in both bacterial clamp loader DNA polymerase III γ subunit (PolIIIγ) and archaeal replication factor C small subunit (RFC-S) ([fig. 4](#msv271-F4){ref-type="fig"}, [tables 1](#msv271-T1){ref-type="table"} and [2](#msv271-T2){ref-type="table"}) (Kaneko et al. [@msv271-B46]; Bult et al. [@msv271-B11]). Comparative analysis showed the independent acquisition of inteins by bacterial and archaeal clamp loaders. For PolIIIγ, inteins were found only in representatives from Cyanobacteria (15 inteins) occupying a single insertion point (insertion point **a**), immediately after the highly conserved Walker B motif that coordinates the magnesium ion required for ATP hydrolysis ([fig. 6](#msv271-F6){ref-type="fig"}A--C, [table 1](#msv271-T1){ref-type="table"}) (Walker et al. [@msv271-B88]). Interestingly, 13 out of 15 species possessing PolIIIγ inteins also had an intein insertion in their replicative DNA-dependent DNA polymerase catalytic subunit PolIIIα (DNA polymerase III subunit alpha) (see detailed analysis below). In contrast, inteins were found widely distributed in the ATPase domain among RFC-S proteins from diverse archaea belonging to six clades, primarily in Thermococci (13 inteins), Methanococci (7 inteins), and Halobacteria (12 inteins; also Soucy et al. [@msv271-B76]), at four distinct insertion points (**a**--**d**) ([fig. 6](#msv271-F6){ref-type="fig"}A--C and [table 2](#msv271-T2){ref-type="table"}). None of these overlapped with the one present in Cyanobacteria indicating independent acquisition. Thus, in spite of the orthologous nature of the ATPase domains from bacterial and archaeal clamp loaders, inteins and their insertion points from the same proteins are not orthologous and likely were acquired independently. F[ig]{.smallcaps}. 6.Inteins in bacterial and archaeal clamp loaders and DNA polymerases cluster in functional domains. (*A*) Distribution of inteins in PolIIIγ and RFC-S. Phylogenetic tree for ATPase domain of the clamp loader proteins from both bacteria and archaea was reconstructed based on the amino acid sequences using the ML algorithm with WAG model. Statistical support for the tree was evaluated with SH-aLRT; however, only values for critical nodes, which were higher than 85%, are shown. The intein insertion point(s) **a**--**d** and abbreviated species names are shown next to branches. Letters for insertion points in PolIIIγ and RFC-S do not correspond to each other (see *B* and *C*). The tree with full-length species names is available in [supplementary figure S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online; the trees reconstructed based on the extended data sets including intein-containing and intein-less proteins are available in supplementary figures S10 and S11, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. PolIIIγ inteins were found only in Cyanobacteria (Cyano). Archaeal clades as follows: Thermo, Thermococci; Methc, Methanococci; Methpyr, Methanopyri; Nanoh, Nanohaloarchaeota; Halo, Halobacteria; Aglob, Archaeolglobi. (*B*) Intein insertion points. Intein locations are shown along PolIIIγ and RFC-S relative to structural and functional domains. The ATPase domain (AAA+ ATPase, black) has a single intein insertion in PolIIIγ (site **a** shown in red) and multiple intein insertion points in RFC-S (sites **a**--**d**). The insertion point **a** in PolIIIγ is located in highly conserved Walker B motif (WB). The most common insertion point **a** in RFC-S (blue) is located in P-loop. Other motifs shown for RFC-S are: Glu-S, glutamine switch; S1, sensor one. PolIIIγ and RFC-S proteins have additional domains specific for respective proteins: DNA_pol3_gamma3 domain (pink) is found only in PolIIIγ, whereas Rep_fac_C domain (light blue) is present only in RFC-S proteins. (*C*) Phylogenetic analysis of the C1 inteins from PolIIIγ and RFC-S. Phylogenetic tree was reconstructed based on the intein splicing domain amino acid sequences using the ML algorithm with WAG model. Statistical support for the tree was evaluated with SH-aLRT; however, only values for critical nodes, which were higher than 85%, are shown. Only inteins with cysteine as the first amino acid residue (C1 inteins) were used, which included all inteins identified in PolIIIγ (insertion point **a**, red), and inteins from insertion points **a** (blue), **c**, and **d** from RFC-S. The intein insertion point(s) **a, c, d** and abbreviated species names are shown next to branches. The intein insertion point(s) are also indicated in the nodes. The tree with full-length species names is available in [supplementary figure S12](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. (*D*) Distribution of inteins in PolIIIα and PolB. Phylogenetic trees for bacterial replicative DNA polymerase PolIIIα and archaeal PolB were reconstructed based on the extein amino acid sequences using the ML algorithm with WAG model. Statistical support was evaluated with SH-aLRT; however, only values for critical nodes, which were higher than 85%, are shown. The intein insertion point(s) a--f and abbreviated species names are shown next to branches. Letters for insertion points in PolIIIα and PolB do not correspond to each other (see B). The full-length trees with full-length species names are available in supplementary figures S13 and S14, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online. Although PolIIIα and PolB are functionally equivalent counterparts in bacteria and archaea, these proteins are not related. Bacterial clades as follows: Cyano, Cyanobacteria; Actino, Actinobacteria; Bacter, Bacteroidetes; Deino, Deionococcus--Thermus; Acido, Acidobacteria; Plancto, Planctomycetes; Proteo, Proteobacteria; Aquif, Aquificae; and Firmi, Firmicutes. Archaeal clades as follows: Halo, Halobacteria; Nanoh, Nanohaloarchaeota; Methc, Methanococci; Thermo, Thermococci. (*E*) Intein insertion points. Intein locations are shown along PolIIIα and PolB relative to structural and functional domains. The critical catalytic domains have multiple intein insertion points in both PolIIIα (pol3_alpha) and PolB (POLBc). Additional insertion points were found in bacterial PHP (polymerase and histidinol hhosphatase domain) for PolIIIα and in archaeal 3′--5′ exo (3′--5′ exonuclease domain of archaeal family-B DNA polymerases) for PolB. Polymerase structural domains are shown on the bottom. PolIIIα inteins from insertion point **a** are split. Additional abbreviations: HhH, helix-hairpin-helix DNA-binding domain; OBF, (oligonucleotide/oligosaccharide binding)-fold.

Although the majority of PolIIIγ and RFC-S inteins have Cys as the first amino acid residue (C1 inteins), RFC-S inteins at the insertion point **b** start with either Ser or Ala (S1/A1 inteins). The initial intein residue has implications for splicing mechanism. C1 inteins belong to class 1 based on the sequence similarity and splicing mechanism, whereas S1/A1 inteins might belong to class 2 which employs a somewhat different protein splicing pathway (Southworth et al. [@msv271-B77]). Although PolIIIγ and RFC-S inteins seem to have been acquired independently, their protein splicing domains show similarity, and C1 inteins likely share a common ancestor. Thus, we performed a phylogenetic analysis of all C1 inteins combined. As seen from the resulting phylogenetic tree reconstructed based on the amino acid sequences of the splicing domain, inteins cluster together based on their exteins (either PolIIIγ or RFC-S) indicating vertical transmission of inteins within each cluster ([fig. 6](#msv271-F6){ref-type="fig"}C and supplementary fig. S8, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online). Interestingly, RFC-S C1 inteins form distinct groups based on their insertion point, emphasizing an independent origin of the inteins not only between PolIIIγ and RFC-S, but within RFC-S as well ([fig. 6](#msv271-F6){ref-type="fig"}C). These results reinforce the notion that despite the orthologous nature of the ATPase domains from bacterial and archaeal clamp loaders, inteins and their insertion points from the same proteins are not orthologous and inteins likely were acquired independently.

Replicative DNA-dependent DNA polymerases provide another striking example of proteins that are functionally, but not evolutionarily related between bacteria and archaea. Yet, both bacterial and archaeal replicative DNA polymerases contain multiple intein insertions, mostly in the same polymerization domain of the two disparate proteins ([fig. 6](#msv271-F6){ref-type="fig"}D and E). Bacterial replicative PolIIIα belongs to the family C polymerases, which share no sequence similarity with other polymerases and exhibit a fold that is strikingly different from those of archaeal and eukaryotic replicative polymerases, suggesting an independent origin of the DNA replication machinery (Braithwaite and Ito [@msv271-B9]; Filee et al. [@msv271-B25]; Lamers et al. [@msv271-B49]). PolIIIα inteins were found primarily in Cyanobacteria (89 inteins), with 27 in the other clades shown ([fig. 6](#msv271-F6){ref-type="fig"}D). The intein hot spot is in the "finger" domain with several distinct insertion points, **a**--**d** and **g**, present in a sequence stretch of 75 amino acid residues ([fig. 6](#msv271-F6){ref-type="fig"}E). Fingers are involved in the correct positioning of the template and 3′-end of the primer in the active site as well as distinguishing between ribo- and deoxyribonucleoside triphosphates. The PolIIIα intein insertion point **a** is the most common and widely distributed among Cyanobacteria. All known inteins at this insertion point are split, representing the largest known group of split inteins (Dassa et al. [@msv271-B20]). The primary replicative DNA polymerase in archaea is from the family B (PolB). PolB inteins are widespread among Halobacteria (37 inteins), Thermococci (20 inteins), and Methanococci (5 inteins) ([fig. 6](#msv271-F6){ref-type="fig"}D). There are four distinct insertion points for inteins in PolB, **a**--**d**, of which **a**--**c** are located in the polymerase catalytic domain (POLBc; [fig. 6](#msv271-F6){ref-type="fig"}E), once again in the polymerase fingers. These observations reinforce the notion that intein clustering is related to protein function, regardless of evolutionary origin.

Discussion
==========

This study shows that inteins are concentrated in proteins of the DNA replication fork, particularly ATPase domains, even in proteins that are nonorthologous but functionally similar in bacteria and archaea. These observations focus our hypothesis that some inteins are maintained because of functional adaptation. The biased intein distribution toward replisome components is puzzling. The principal proteins of the bacterial replication machinery are unrelated or only distantly related to the functionally equivalent components from archaea (Edgell and Doolittle [@msv271-B24]; Leipe et al. [@msv271-B52]). Among nonorthologous proteins performing equivalent function are replicative helicases and the replicative DNA polymerases (Braithwaite and Ito [@msv271-B9]; Edgell and Doolittle [@msv271-B24]; Leipe et al. [@msv271-B51]; Filee et al. [@msv271-B25]; Lamers et al. [@msv271-B49]). In contrast, the core components of transcription and translation are highly conserved in all domains of life (Edgell and Doolittle [@msv271-B24]; Leipe et al. [@msv271-B52]), and they contain few inteins. Moreover, many of the intein-containing replication proteins are functionally equivalent but are structurally highly divergent or even unrelated, indicating that intein retention in these nonorthologous replication proteins likely relates to host protein function ([fig. 4](#msv271-F4){ref-type="fig"}). We speculate that the inteins sense specific environmental cues and act as panic buttons to reversibly halt splicing and thereby DNA synthesis during stress.

The rapidly growing sequence databases for bacteria and archaea gave us the opportunity for comprehensive intein mining. By screening genomes from a wide range of organisms for the presence of inteins, our large data set confirmed the sporadic nature of intein distribution. In adapting functional genomics approaches to intein discovery, we found that COGs are suitable for functional annotation and further categorization of the inteins based on their exteins. This classification system is a natural framework for comparative genomics of prokaryotes, including phage, within an evolutionary context (Tatusov et al. [@msv271-B82], [@msv271-B81]). Functional annotation of newly sequenced genomes and genome-wide evolutionary analyses are the most important applications of COGs, but have found use in functional genomics of particular proteins, protein families, or large groups of proteins of interest. The COG analysis clearly demonstrated in a fully quantifiable manner that functional categories for replication, repair, recombination, and nucleotide transport and metabolism are disproportionally enriched among intein-containing proteins. We propose the use of COGs, supplemented with other relevant information, as a basis for intein classification in the future. Using COGs will help to put experimental data sets in a context of comparative and functional genomics.

To further elucidate the forces that shaped intein distribution, we performed a detailed analysis of the inteins present in three pairs of replication proteins: nonorthologous replicative helicases DnaB and MCM; orthologous clamp loaders PolIIIγ and RFC-S; and replicative DNA polymerases PolIIIα and PolB, which are functionally analogous but evolutionary unrelated (Braithwaite and Ito [@msv271-B9]; Leipe et al. [@msv271-B52]; Filee et al. [@msv271-B25]). Our data support a concentration of inteins not only in proteins with related roles but also within similar functional domains. This is the case even for bacterial and archaeal inteins that were presumably acquired independently by functionally identical replication genes of different evolutionary origin. For example, the ATPase domains carry inteins in nonorthologous replicative helicases DnaB/MCM and orthologous clamp loaders PolIIIγ/RFC-S. However, protein-specific domains rarely have inteins; for example, inteins were found in ATPase domains but not in the DNA_pol3_gamma3 domain specific for PolIIIγ, nor in the Rep_fac_C found only in RFC-S ([figs. 5](#msv271-F5 msv271-F6){ref-type="fig"}B and 6B). Intein insertions are present in the highly conserved P-loop in three of these ATPases, DnaB/MCM, and RFC-S. Moreover, there are many other examples of ATPases with inteins in their P-loop ([tables 1--3](#msv271-T1 msv271-T2 msv271-T3){ref-type="table"} and supplementary tables S5--S7, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) online) (Novikova et al. [@msv271-B62]). A different example of intein clustering in functional domains is in the polymerization domain of unrelated replicative polymerases. Interestingly, although inteins are usually present in conserved protein motifs involved in the active site and often near amino acid residues important for substrate and ligand binding, they are rarely inserted at catalytic residues. A number of inteins is located in structurally dynamic regulatory parts of proteins such as DNA-binding motif H4 of DnaB ATPase and the distal part of the fingers of the PolIIIα catalytic domain ([fig. 6](#msv271-F6){ref-type="fig"}B and E) (Sawaya et al. [@msv271-B74]; Wing et al. [@msv271-B91]). Regardless, the theme of intein concentration in proteins and domains of like function prevails.

The current models for intein dynamics do not fully explain the observed seemingly selective distribution of inteins. The earliest model suggested that inteins are found in highly conserved proteins and conserved protein domains and motifs because the imprecise removal of the intein would lead to incapacitation of the host protein (Pietrokovski [@msv271-B70]). However, there is no specific mechanism for intein removal from the coding region and loss of the intein likely occurs through global processes such as gene conversion, horizontal gene transfer or large-scale rearrangements. Moreover, it was suggested that most of the examples of intein loss represent cases of being outcompeted by intein-free alleles (Fullmer et al. [@msv271-B29]; Soucy et al. [@msv271-B76]). Thus, while still valid, the original model does not alone explain the presence of inteins in conserved sequences and does not address other aspects of intein dynamics.

Some other models are focused on the dynamics of the intein HEN rather than on the protein splicing domain as inteins rely on HENs for their propagation (Gimble and Thorner [@msv271-B31]; Burt and Koufopanou [@msv271-B12]; Gogarten and Hilario [@msv271-B32]). HENs recognize and cleave specific DNA sequences 14--40 bp in length, the homing site for intein acquisition (Guhan and Muniyappa [@msv271-B36]). Importantly, HENs possess the unique ability to minimize nonspecific cleavage, while maintaining the potential to cleave closely related variants of the homing site (Chevalier et al. [@msv271-B17]; Posey et al. [@msv271-B71]). The simple model for intein persistence includes invasion of the intein-free site through HEN-mediated gene conversion, spreading of the intein in the population, fixation, HEN decay in the absence of selective pressure, loss of the intein, and, finally, reinvasion of the empty target site (Burt and Koufopanou [@msv271-B12]; Gogarten and Hilario [@msv271-B32]). This homing cycle model, however, was shown to have multiple limitations when applied to natural populations. For example, there are significant differences in gene transfer frequencies and efficiency between sexual and asexual species which will affect HEN persistence. Another significant limitation of this model is the inability to explain the simultaneous presence of intein-containing and intein-free alleles in a population. The modeling, however, demonstrated that intein-containing and intein-free alleles can potentially coexist long-term with no benefit to the host (Gogarten and Hilario [@msv271-B32]; Yahara et al. [@msv271-B92]; Barzel, Obolski, et al. [@msv271-B6]). Other complex models might be proposed to explain the occurrence of inteins at specific sites, like the attractiveness of the structure of a protein that would allow proper folding of itself and the intein. It is possible that various factors contribute to intein persistence in different proteins. One such factor, which seems to be often overlooked, is the possibility that inteins, or subpopulations of inteins, are in functionally important proteins and are beneficial to the host.

We argue that intein association with particular domains (such as the P-loop), proteins (such as ATPases), and functions (such as replication) indicates selective retention and likely the importance of inteins in these particular positions. The observation that inteins occupy specific proteins, even in nonorthologous functional counterparts in bacteria and archaea, suggests that some inteins are not simply selfish passengers, but are likely to perform yet unknown roles. The benefit from the intein presence can be subtle or reveal itself only under certain environmental conditions, which are not commonly encountered by host cells. Environmental stress might explain the sporadic distribution of inteins among closely related species. If there is no strong selective pressure for intein retention in a particular subpopulation and the benefit from keeping the intein is low under prevailing conditions, the intein will likely be outcompeted by intein-free alleles (Gogarten and Hilario [@msv271-B32]).

There are multiple examples of conditional protein splicing by engineered and native inteins indicating that splicing can be locked or triggered by a particular condition, such as a change in redox state, temperature or pH, as has been recently reviewed (Novikova et al. [@msv271-B62]; Shah and Muir [@msv271-B75]; Topilina and Mills [@msv271-B85]). The existence of inteins modulated in a stimulus-dependent manner points to the possibility that some inteins may adapt to their intracellular niche and become posttranslational regulatory elements. Indeed some inteins can act as sensors, and through intein chemistry can inhibit splicing under stressful environmental conditions, such as redox modulation (Callahan et al. [@msv271-B16]), oxidative and nitrosative stress (Topilina, Green, et al. [@msv271-B84]) or cold shock (Topilina, Novikova, et al. [@msv271-B86]). It remains to be shown that inteins are sensitive to those stimuli in their native host.

The preponderance of inteins in ATPase domains, where approximately 70% of inteins in archaea and bacteria are in proteins that bind ATP, is worthy of consideration. One possibility is that ATPases represent ancient structures to which ancestral intein folding adapted (Caetano-Anolles et al. [@msv271-B15]). Additionally, many of these ATPases are in proteins involved in replication, a process that must be slowed as an organism mounts a stress response. Inhibition of DNA synthesis would not only avoid replication toxicity but also would spare ATP required in the stress response. A similar ATP-sparing argument could be made for inteins in recombination functions like RecA in bacteria and RadA in archaea. We have shown that splicing is inhibited in a hyperthermophilic RadA from *Pyrococcus horikoshii* by formation of 3D interactions between the intein and exteins at low temperatures (Topilina, Novikova, et al. [@msv271-B86]). Such splicing inhibition during cold shock would spare ATP, which is a key substrate in metabolic and energy conservation (Macario et al. [@msv271-B58]; Lopez-Garcia and Forterre [@msv271-B56]). Increasing ATP concentration would maintain biochemical processes required to survive stressful conditions. Thus, we suggest that splicing inhibition would provide an immediate arrest of RadA function to spare ATP for use in the cold-shock response. In different stress responses, the intein panic button would inhibit replication and recombination functions and stop detrimental ATP consumption. Conversely, recovery from stress could be immediate, with protein splicing providing a functional premade protein, to allow the organism to rapidly re-enter a normal growth state.

Idiosyncratic intein clustering in genes involved in DNA replication, recombination and repair, and the metabolism of nucleotides might also be explained in part by the intein mobility pathway. In order to mobilize, inteins must cleave the host DNA, and they require repair, and DNA is more accessible for cleavage and recombination during replication. Inteins may therefore be favored in proteins which are expressed during replication. There are many other factors that might affect intein distribution among species. Our data set shows that there are certain bacterial clades with relatively high levels of inteins in comparison with others ([fig. 1](#msv271-F1){ref-type="fig"}). This might be attributed to the specific ecology of the species in a given clade or their genome organization and dynamics. For example, among cyanobacteria, only one out of five species did not have any inteins in their genomes. All cyanobacteria are free-living, usually forming very large populations, which might explain such a prevalence of intein-containing species in this clade. On the other hand, in spirochetes only two species (out of 74 sequences available) have inteins. Spirochetes are highly specialized bacteria, many of which are pathogenic, with small isolated populations and streamlined genomes, possibly accounting for only a few intein-containing species.

The intrinsic nature of mobile elements is to explore new emerging niches in genomes and, ultimately, break species boundaries. In terms of intein spread, viruses and bacteriophage represent ideal "vectors" for horizontal transfer (Hambly and Suttle [@msv271-B38]; Nagasaki et al. [@msv271-B60]; Filee et al. [@msv271-B26]). They can carry intein sequences across cell boundaries as part of their own genes or transfer cellular genes they acquired as a result of rampant recombination (Filee et al. [@msv271-B26]). Many bacteriophage carry bacteria-like genes in their replication modules including genes for helicases DnaB and MCM as well as DNA polymerases (Weigel and Seitz [@msv271-B90]) which also might explain the biased distribution of inteins. Our analysis also showed that substantial numbers of inteins from bacterial (∼4%) and archaeal (∼5%) genomes are associated with the mobilome (such as prophages) and secretion system-related proteins, indicating potential pathways for horizontal transfer of inteins (see [table 3](#msv271-T3){ref-type="table"}). There are remarkable examples of the viral and bacteriophage intein-bearing genomes (Lazarevic [@msv271-B50]; Amitai et al. [@msv271-B2]; Ogata et al. [@msv271-B63]; Allen et al. [@msv271-B1]; Bigot et al. [@msv271-B8]; Dwivedi et al. [@msv271-B22]; Fouts et al. [@msv271-B28]). We propose that delivery of inteins can be straightforward and quasirandom. However, fixation in a population after transfer and further retention of inteins depend on many factors including population structure, gene flow and, importantly, pressure under environmental extremes. These factors cumulatively account for the profiles of inteins we observe in extant organisms.

Materials and Methods
=====================

Data Mining
-----------

The sequences used in the present study were obtained from the Protein and Genome databases at the NCBI ([www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov), last accessed December 11, 2015). Only fully sequenced, assembled, and annotated microbial genomes from NCBI RefSeq microbial genome collection were taken into consideration (Tatusova et al. [@msv271-B83]). By using only genomes that were added to the RefSeq genome collection we ensure the analysis of sequences that pass annotation quality control during RefSeq genome processing and annotation (Tatusova et al. [@msv271-B83]). As the first step, the word search query was used of the following composition: "('*Phylum*'\[Organism\]) AND intein \[All Fields\]." *Phylum* was iterated between the bacterial and archaeal phyla. The primary sequence data obtained for precursor as a whole and intein(s) separately were additionally analyzed using the following resources. The presence of conserved protein domains and motifs was verified using Conserved Domain Database (CDD; <http://www.ncbi.nlm.nih.gov/cdd>) and Conserved Domain Search Service (CD Search; <http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi>) which are available at NCBI. Additionally, protein domains and motifs were identified using InterPro protein analysis tool. Other resources heavily used in the present study are: InBase---intein database (<http://tools.neb.com/inbase/>; Perler [@msv271-B68]); European Nucleotide Archive (ENA: <http://www.ebi.ac.uk/ena/>); Genome at NCBI (<http://www.ncbi.nlm.nih.gov/genome/>); Basic Local Alignment Search Tool (BLAST) programs (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>); "The All-Species Living Tree" Project (<http://www.arb-silva.de/projects/living-tree/>). After comparative analysis of the sequences and a second review, the list of intein-containing proteins was formed.

Sequence Analysis
-----------------

All protein alignments were performed by MUSCLE3.8 (Edgar [@msv271-B23]). Phylogenetic analysis was performed using Maximum-Likelihood (ML) method in PhyML 3.0 (Guindon et al. [@msv271-B37]). Statistical support for ML trees was evaluated with approximate likelihood-ratio test (aLRT). Specifically, a nonparametric version of the aLRT (Shimodaira--Hasegawa aLRT, SH-aLRT) was used (Anisimova and Gascuel [@msv271-B3]; Anisimova et al. [@msv271-B4]). Substitution models were selected using ProtTest 3 (Darriba et al. [@msv271-B19]). COG annotation was performed using COG database (<http://www.ncbi.nlm.nih.gov/COG/>). The InterPro database was used in GO enrichment analysis (<http://www.ebi.ac.uk/interpro/>). GO annotation results were plotted using a web-based tool, WEGO (Ye et al. [@msv271-B94]). The randomized sampling of the protein sequences was performed using custom BioPerl script available by request.

Structure Modeling
------------------

The extein sequences for DnaB of *D. terragena* and MCM of *N. moolapensis* were submitted for modeling to Phyre2 servers using intensive mode (Kelley et al. [@msv271-B47]). Structure models came back with high levels of confidence for both proteins, with 436 residues (95%) of *Dte* DnaB and 670 residues (96%) of *Nmo* MCM modeled at greater than 90% accuracy. Models were manipulated in PyMOL (v1.7.2), and the +1 residues of the relevant intein insertion sites were highlighted.

Supplementary Material
======================

[Supplementary figures S1--S17](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) and [tables S1--S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv271/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>)
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